Carboxymethylcellulose was used as a model substrate in batch and continuous cultures in a study of cellulose metabolism and the synthesis of #?-glucosidase and endoglucanase by Trichoderma koningii. The maximum growth rate on CM-cellulose compared favourably with that on cellulose. In batch cultures mycelial inoculum was more effective than spore inoculum in initiating synthesis of both enzymes. Synthesis of /I-glucosidase in larger amounts than the maximum provided by growth from the initial mycelial inoculum was achieved by encouraging renewed growth by replenishing half the spent medium when the carbohydrate had been consumed: the same treatment failed to enhance the yield of endoglucanase. Growth from a spore inoculum gave considerably lower yields of #?-glucosidase but ultimately doubled that of the endoglucanase. The delayed synthesis of endoglucanase was also overcome and its yield increased up to fourfold by restricted aeration, whereas that of /?-glucosidase was unaffected. Maximum synthesis of both enzymes was obtained simultaneously in continuous culture together with improved yields. The nature of the hydrolysis of cellulose and the effect of its products, cellobiose and glucose, are considered in relation to the synthesis of P-glucosidase and the endoglucanase.
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I N T R O D U C T I O N
In its natural form, or as waste material, cellulose has considerable potential as a source of chemicals, energy and microbial protein. In order to make this goal economically feasible a thorough understanding of cellulolytic microbes and the action and synthesis of enzymes of the cellulase complex is needed. This complex comprises three readily recognized components: P-glucosidase or cellobiase, endoglucanase (CM-cellulase) and cellobiohydrolase (Halliwell, 1979) . The role of CM-cellulase is uncertain whereas that of/?-glucosidase has been studied in detail on cellobiose (Berghem & Pettersson, 1974; Gong et al., 1977) and cellodextrins (Halliwell & Vincent, 1977) . Interaction of the components is reviewed elsewhere (Bailey et al., 1975; Ghose, 1977; Halliwell, 1979) .
Synthesis of these enzymes as regulated by metabolism of the substrate has received less attention. In Trichoderma reesei, cellulose is the best inducer for the complete cellulase complex, followed by lactose, cellobiose and sophorose (Mandels et al., 1975; Sternberg & Mandels, 1979) , though cellobiose, the product of cellobiohydrolase, is thought to be the natural inducer. The use of cellulose in studying enzyme synthesis presents difficulties because of its insolubility with attendant problems of dispensing suspensions and maintaining homogeneity in batch or continuous cultures, complicated further by its adsorption of cellulase components (Halliwell & Griffin, 1978) .
Soluble substituted derivatives of cellulose have been used occasionally to investigate enzyme synthesis by cellulolytic microbes. Cellvibrio vulgaris failed to grow on CM-cellulose (degree of substitution 0.4) (Berg et al., 1972) thus resembling Cladosporium cucumerinum;
the latter, however, formed CM-cellulase on CM-cellulose plus pectin as mixed substrates (Skare et al., 1975) . CM-cellulose (degree of substitution 0.4) supported growth of Trichoderma viride and the formation of B-glucosidase and CM-cellulase, though both enzymes were formed on glucose when its concentration fell to 0.1 % (Herr, 1979) . However, similar concentrations of glucose were less effective than CM-cellulose in initiating synthesis of CM-cellulase in Sporotrichum thermophile (Canevascini et al., 1979) .
CM-celluloses offer some advantages, particularly in continuous cultures, as model substrates in studying fine control of the synthesis of cellulolytic components such as P-glucosidase and CM-cellulase. CM-cellulose, like cellulose itself, is a 1,4-P-glucosidic polymer of large molecular weight; it is soluble and available with a range of degrees of substitution; it is free from the adsorptive action of cellulose; it is the favoured substrate for assaying CM-cellulase activity. The present report investigates the potential of this substrate for the study of the synthesis of 8-glucosidase and endoglucanase in response to its metabolism by Trichoderma koningii.
M E T H O D S
Growth conditions. Trichoderma koningii was grown (Halliwell & Riaz, 1970) on the basal salts medium pH 6.60 of Saunders et al. (1948) plus either CM-cellulose (degree of substitution 0.7, mol. wt 100000; BDH) or cellobiose (BDH) or glucose (Fisons) as carbon source. Fermentation vessels (L.H. Engineering, Stoke Poges, Bucks, U.K.) were 500 ml conical flasks containing 200 ml medium shaken at 120 rev. min-' and 27 OC or 3 1 fermenter vessels with a working volume of 2 1 at 27 OC, stirred at 120 rev. min-I with a standard aeration rate of 0.5 vol. air (vol. medium)-' min-' unless stated otherwise. Inoculum was a spore suspension at a final concentration in the medium of lo6 spores ml-l. Standard fermenter vessels were modified as follows: (a) all internal (stainless steel) surfaces were covered with PTFE sheeting or tubing; (b) for continuous culture the standard overflow system was removed and excess culture pumped off through an overhead outflow; (c) the standard medium inlet was replaced by a glass splash-head to interrupt the flow and prevent back-growth.
Enzyme assays. /?-Glucosidase activity (EC 3.2.1 . 2 1) was determined in reaction mixtures containing 0.5 ml (0.5 mg) o-nitrophenyl-P-D-glucopyranoside, 1 ml 0.1 M-acetate buffer pH 4.8 and 0.1 ml enzyme, in a total volume of 2 ml with water, incubated at 37 *C for 1 h, followed by addition of 4 ml 0-05 M-glycine/NaOH buffer pH 10.6 before reading the absorbance at 425 nm.
CM-cellulase activity (endo-1,4-/?-~-glucanase; EC 3.2.1 -4) was determined as reducing sugar by a combination of earlier methods (Halliwell, 1961; Halliwell & Riaz, 1970) . Reactions mixtures containing 1 -1 ml CM-cellulose (1 %, see above), 0.4 ml0.1 M-acetate buffer pH 5.5 and 0.1 ml enzyme, in a total volume of 1 -8 ml, were incubated at 37 OC for 45 min. The reaction was terminated by adding 0.2 ml sodium carbonate (anhydrous, 2%, w/v), 1 ml potassium cyanide (0.06496, w/v)/sodium carbonate (anhydrous, 0.52%, w/v) mixture and 2 ml potassium ferricyanide (0.05%, w/v), boiled for 30 min in a water-bath and cooled for 10 min. Residual ferricyanide was determined from the absorbance at 420 nm, the degree of reduction of the reagent being proportional to the amount of sugar taken. Enzyme activities are expressed as nkat ml-l, i.e. nmol nitrophenol or reducing sugar, as glucose, formed s-l m1-I.
Treatment of cells. Whole cell suspensions were separated by centrifuging at 3 1 000 g and 4 OC for 15 min. The supernatant fraction and deposited cells (after washing with water and resuspension in the original volume) were assayed separately. In addition, samples of whole cells were cooled and homogenized gently for 1 min in a tissue homogenizer: this did not affect the enzymic activity but facilitated pipetting of homogeneous suspensions. Cell dry weights were determined on samples filtered under vacuum, washed with water through two layers of Whatman no. 42 filter paper and dried at 105 OC for 16 h.
Determination of substrates and products. Utilization of CM-cellulose by the organism was followed by measuring residual CM-cellulose with the phenol/sulphuric acid reagent (Halliwell & Riaz, 197 1) . Glucose and cellobiose were determined as reducing sugars with the ferricyanide reagent (see above under CM-cellulase assay, starting from the point at which a volume of 1.8 ml was made to 2 ml with 2 % sodium carbonate). Glucose and cellobiose were each also determiied specifically using the glucose oxidase/peroxidase procedure in Tris/HCl buffer pH 7.0 and acetate buffer pH 5.5, (Halliwell, 1966) .
R E S U L T S A N D D I S C U S S I O N
Cellulolytic organisms differ in their ability to utilize substituted derivatives of cellulose. In the present work, culture filtrates of T. koningii (prepared by growth of the organism on cotton ; Halliwell & Riaz, 1970) achieved the maximum 23% hydrolysis of CM-cellulose to reducing sugars under optimal conditions of the standard CM-cellulase assay extended to 24 h: this represents the 'available substrate' for the organism. In shake-flasks containing basal medium with 0-25 to 1.5 % CM-cellulose, growth of T. koningii was followed gravimetrically and by nephelometry. Growth was most rapid between 20 and 28 h, at each substrate concentration tested, with a p,,, of 0.11 h-l, a value comparable with the critical dilution rate of 0.11 h-' found in continuous cultures where washout occurred (see below).
When conditions found suitable for batch cultivation in shake-flasks were applied to the batch fermenter, a similar lag phase of about 20 h was observed followed by rapid growth to a maximum (Fig. I) , equivalent to a cell dry weight of 34 mg (100 ml medium)-', with complete utilization of the available substrate (Fig. 1) . Synthesis of the two enzymes, however, was affected differently. Formation of the endoglucanase was retarded during the lag stage of growth but increased rapidly thereafter in parallel with the growth rate of the organism (Fig. 1) . The delayed synthesis was apparently related directly or indirectly to the presence of low concentrations of cellobiose (up to 50 pg ml-l, measured specifically) produced early in the fermentation, since glucose (also measured specifically) was absent from the cell-free medium (Fig. 1) . Growth proceeded on CM-cellulose with metabolism of the cellobiose until its concentration had decreased to a level (about 30 pg ml-') at which it no longer repressed synthesis of the endoglucanase. In contrast, the presence of the same low concentrations of cellobiose (up to 50 pg ml-l) favoured synthesis of P-glucosidase, the activity of which increased almost linearly with time from the commencement of growth at 0 h (Fig. 1) . Throughout the entire fermentation the concentration of intracellular reducing sugars (glucose plus cellobiose) of ground extracted cells (see below) was below the minimum detectable (i.e. (1 pg ml-l). A maximum activity of about 0.5 nkat per ml cell suspension (P-glucosidase) or per ml culture fluid (endoglucanase) for both enzymes was attained by 50 h, the end of the rapid phase of growth. The stationary and death phases were followed up to 147 h fermentation during which time both enzymes, and particularly the endoglucanase, were lost progressively. The path of synthesis and decay of the endoglucanase had run parallel to the growth of the organism itself, from inoculation to the death phase.
In both batch cultures (as described above) and continuous cultures (see below) all (99%) of the endoglucanase was always located extracellularly (so depicted in all figures), as recognized by its presence in the cell-free culture fluid. Estimation of enzyme activity on separated whole or ground (with alumina) cells or homogenized cells showed less than 1 % of the total activity. Similar measurements on the distribution of /?-glucosidase showed, in contrast, that at least 90% of this activity was at all times associated with the cells (so depicted in all figures). Extracellular pglucosidase exceeded 10% of the total activity only in the later stages (Fig. 1, 90 to 150 h) when autolysis of the cells occurred. The usual low level of up to 10% extracellular enzyme found in the earlier stages of fermentation may itself arise from damage to mycelium by the impeller. The lack of extracellular /?-glucosidase could not be ascribed to inactivation by the development of acidity since the pH did not fall below 6-2 from an initial pH of 6.6 throughout any of the fermentations. Although not shown in Fig. 1 , neither cellobiose nor glucose were detected extracellularly between 80 and 147 h. By 147 h, both enzyme activities had fallen to about half their maxima but were still present, together with mycelium (as at 0 h) and an increasing number of spores, in considerably greater amounts than in the first 10 h of growth (Fig. 1) . On replacing half (1 1) of the culture at this time (Fig. 1, arrow) with an equal volume of fresh sterile medium containing 1% CM-cellulose, this ' substrate was evidently readily hydrolysed to sugars (cellobiose and glucose) by the endoglucanase present, and metabolized by the organism so that these sugars were not detectable in the medium or the cells. Utilization of the substrate resulted in a second growth phase and rapid formation of pglucosidase which reached a maximum some 21 h later (at 168 h), more than twice as fast as was achieved earlier (0 to 54 h). The enzyme activity of 0.9 nkat ml-I attained at 168 h was almost double that at 54 h (0.48 nkat ml-'). In contrast, the response of the endoglucanase was slower, but similar to that shown earlier (0 to 54 h) both in the time taken (65 h) to reach maximum activity (at 212 h) and in its amount (0.45 nkat ml-' at 212 h; 0.50 nkat ml-' at 54 h). Thus, sometime after a preliminary period of rapid metabolism has ceased and residual P-glucosidase and endoglucanase are being destroyed, it is possible by addition of a suitable substrate, such as CM-cellulose, to promote resynthesis of further quantities of both enzymes to at least their former maximum values. Moreover, with P-glucosidase the synthesis extends still further so that the amounts formed can be even larger (double) than at a previous period of maximum synthesis.
Batch fermentations started with inocula containing much mycelium as well as spores (from slants grown for 7 d on filter paper agar medium; as in Fig. 1) showed little or no lag in synthesizing p-glucosidase and provided higher activities than did cultures started with inocula containing only spores (slants grown for 20 d, to standardize inocula on spore counts; as in Fig. 2 ). In Fig. 1 , P-glucosidase was formed maximally at 54 h at a level of three times that in Fig. 2 after the same period (0-15 nkat ml-l) where only a slight increase occurred thereafter. In contrast, although inoculation with spores only also delayed synthesis of the endoglucanase it improved the yield: thus, growth of the organism for 54 h from mycelium/spores gave a maximum activity of 0-50 nkat ml-' (Fig. l) , whereas growth from spores took 90 h to reach the same value (Fig. 2, H) , but in this case synthesis continued to a new maximum of 0-86 nkat ml-' in 145 h. The maximum activity achieved could be increased two-to threefold by reducing the aeration rate (Fig. 2, Q) which simultaneously overcame the delay in endoglucanase formation that occurred at the standard rate of aeration (Fig. 2, H) . Aeration at the low rate of 0.1 vol. air (vol. medium)-' min-' was less effective but still partly overcame the delayed synthesis of endoglucanase found at the standard aeration rate and provided a maximum of 0.76 nkat ml-' in 120 h (Fig. 2, T) . p-Glucosidase CM-cellulose and enzyme synthesis 
-' min-' (T).
A, P-Glucosidase activity; ., endoglucanase activity. Fig. 2 (H) . At 70 h (arrow) a continuous inflow of 1 % CM-cellulose was introduced at a dilution rate of 0.042 h-l. 0 , Culture dry weight; A, P-glucosidase activity; B, endoglucanase activity; 0, extracellular glucose concentration; 0, extracellular cellobiose concentration; A, percentage of available substrate used.
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formation, in contrast to that of the endoglucanase, was unaffected by different aeration rates and remained almost constant. Dissolved oxygen values, continuously recorded on a dissolved oxygen controller, did not fall below 80 %, this value being reached during the phase of most rapid enzyme formation in each treatment. Glucose and cellobiose were absent from spore-inoculated cultures, which otherwise developed in an identical manner to the mycelium/spore-inoculated culture of Fig. 1 , with the curves for growth and endoglucanase formation following the same path.
In preparing continuous cultures, growth from a spore inoculum gave actively growing mycelium with reducing sugars absent at 70 h (Fig. 3, arrow) ; at this time a continuous supply of medium was admitted, and CM-cellulose was hydrolysed to small amounts of free glucose and larger quantities of cellobiose (Fig. 3) by the endoglucanase present. The concentration of the latter sugar fell to almost zero between 100 and 300 h as the culture acclimatized to the inflowing nutrients by an increase in weight and complete utilization of the available CM-cellulose (Fig. 3) . The organism responded to the raised cellobiose concentration by increased synthesis of P-glucosidase (Fig. 3, 70 to 150 h) , a response associated with growth. Later (170 to 270 h) synthesis of this enzyme was promoted threefold almost independently of growth and continued with only 5 pg cellobiose ml-' present (300 to 400 h). In contrast, cellobiose at 40 pg ml-' (96 to 180 h) severely repressed endoglucanase formation, as previously (Fig. 1) . Only when the sugar concentration fell below 30 pg ml-1 was induction of this enzyme permitted, rising to levels almost 12-fold greater at 300 h (Fig.  3) . Both enzymes reached steady state values at about 300 h with much higher activities than those in batch cultures and with complete utilization of available substrate and attainment of relatively constant cell weight (Fig. 3) , properties which have been maintained for up to 1000 h. All the available substrate was used at dilution rates between 0.024 and 0.054 h-l, but not at 0.11 h-' where washout occurred. Yields of the three products (2.3 nkat ml-l for endoglucanase, 1.3 nkat ml-' for P-glucosidase and 0.3 1 g cell dry wt 1-l) were unaffected by dilution rate, though P-glucosidase showed slight reduction (0.9 nkat ml-l) at the highest rate (0.054 h-'). CM-cellulose was metabolized by T. koningii at a p,,, of 0.11 h-' comparable with that for cellulolytic organisms, such as T. viride, metabolizing cellulose [pu,,, from 0.03 1 h-' (Sahai 8z Ghose, 1977) to 0.17 h-' (Peitersen, 1977) l or glucose [p,,, from 0.097 h-' (Brown et al., 1975) to 0.22 h-l (Peitersen, 1977) to 0.27 h-l, (Shin et al., 1978) l.
Cultivation of the present organism on soluble derivatives of cellulose avoided problems associated with growth on cellulose itself and showed clearly in continuous cultures that P-glucosidase was cell-bound (>go%) whereas the endoglucanase was extracellular (99 %). By such means the organism hydrolysed CM-cellulose and provided cellobiose and glucose, both of which, in batch and continuous cultures, were recognized in measurable quantities extracellularly but not intracellularly. Glucose as sole substrate, however, failed to support synthesis of the endoglucanase. This sugar was consumed preferentially (Fig. 3) favouring growth, accumulation of cellobiose and formation of P-glucosidase. The disaccharide was hydrolysed by the P-glucosidase to provide more glucose in the transition period as the culture adjusted to the inflowing medium, simultaneously causing transient repression of endoglucanase synthesis until cellobiose-glucose levels were reduced sufficiently to permit induction of this enzyme by small concentrations of cellobiose. CM-cellulose is a useful substrate for investigating enzyme synthesis by cellulolytic organisms, especially in continuous culture where the system is particularly responsive to very small changes either arising from metabolism of the substrate or that may be imposed experimentally. 
